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Effects of Ultrasound, Irradiation, and Acidic
Electrolyzed Water on Germination of Alfalfa
and Broccoli Seeds and Escherichia coli O157:H7
HYUN JUNG KIM, HAO FENG, MOSBAH M. KUSHAD, AND XUETONG FAN

ABSTRACT: The ability of power ultrasound, acidic electrolyzed water (AEW), and gamma irradiation to inactivate
Escherichia coli O157:H7 inoculated onto alfalfa and broccoli seeds was examined. The treatment conditions under
which the alfalfa and broccoli seeds treated with sterile deionized water (SW), AEW, ultrasound cleaning tank (UST),
ultrasound probe (USP), and irradiation (IR) would retain a germination percentage of >85% were first determined
for each disinfection hurdle. E. coli O157:H7 inactivation tests were then conducted with the experimental conditions
determined in the germination tests to find out the maximum inactivation ability of each disinfection hurdle. AEW
treatment at 55 oC for 10 min reduced E. coli O157:H7 population by 3.4 and 3.3 log CFU/g for the alfalfa and broccoli
seeds, respectively. IR at 8 kGy resulted in a 5-log reduction with seed germination of>85% for both seed types, but a
reduction in the length and thickness of the sprouts was observed. None of the ultrasound treatments achieved over
a 2-log reduction in E. coli O157:H7 population without lowering the germination to below 85%. The results of this
study demonstrated that AEW and ultrasound, when applied individually or in combination with thermal treatment
at 55 oC, were not able to deliver a satisfactory inactivation of E. coli O157:H7. A combination of several hurdles must
be used to achieve a complete elimination of E. coli O157:H7 cells on alfalfa and broccoli seeds.
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Introduction

Vegetable seed sprouts, such as those grown from alfalfa, broc-
coli, mung bean, and radish seeds, are commonly consumed

raw in salads and sandwiches because of their nutritional values.
However, consumption of sprouts has been linked to a number of
foodborne disease outbreaks associated with Salmonella and Es-
cherichia coli O157:H7 infections (NACMCF 1999). Epidemiologi-
cal evidence and isolation tests have suggested that seeds used for
spouting are the source of these pathogens (Breuer and others 2001;
Proctor and others 2001; Fett and Cooke 2003). The current recom-
mendation of the US Food and Drug Administration to sprout pro-
ducers is to use 20000 mg/L of free chlorine from Ca(OCl)2 to treat
seeds for up to 15 min to reduce the risk of pathogens (Rajkowski
and others 2003). Such a treatment, which is the only chemical treat-
ment approved by the US Environmental Protection Agency for use
on sprouting seeds, can reduce but not eliminate the number of
pathogenic microbes and hence the potential proliferation of the
surviving microbes during sprout growing remains a hazard to con-
sumers. This has been evidenced by detection and growth of E. coli
O157:H7 on sprouts produced from seeds treated with 20000 mg/L
of free chlorine (Lang and others 2000).

To find out an effective means to secure the microbial safety
of sprouts, a variety of seed decontamination methods have been
investigated over the years (Fett 2006; Fett and others 2006). The
concepts tested or under investigation include chemical treatments
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(single chemical compound, and/or combination of several chemi-
cals) (Taormina and Beuchat 1999; Lang and others 2000; Weissinger
and Beuchat 2000; Soylemez and others 2001; Beuchat and Scouten
2002), natural antimicrobials (Fett and Cooke 2003), ozone (Sharma
and others 2003; Wade and others 2003), electrolyzed water (Kim
and others 2003), ultraviolet light (Sharma and Demirci 2003), irra-
diation (Thayer and others 2003; Bari and others 2003a), high pres-
sure processing (Wuytack and others 2003; Ariefdjohan and oth-
ers 2004), and ultrasound (Scouten and Beuchat 2002). It has been
recognized that it is difficult to achieve a complete elimination of
pathogens without compromising the viability of the seeds using
treatments with a single lethal factor (hurdle). Combination of sev-
eral lethal factors to disinfect seeds has thus gained interest (Scouten
and Beuchat 2002). Among the published studies on combination
and sequential treatments, Bari and others (2003a) reported more
than 5-log reduction in E. coli O157:H7 population on alfalfa seeds
treated with dry heat (50 ◦C for 1 h) followed by irradiation with
doses of 2 to 3 kGy. Treated seeds exhibited high germination rate
(92% to 93%) but sprout length was substantially reduced. Never-
theless, the results from Bari and others (2003a) suggest that, with a
proper combination of disinfection hurdles, it is possible to achieve
a maximized microbial inactivation while maintaining seed viability.

Previous studies have mainly focused on means to maximize food
borne pathogen inactivation. However, there is a lack of detailed
studies on the effect of a disinfectant/hurdle on seed germination
under different treatment conditions. In this work, efforts were first
made to determine treatment conditions for 3 disinfection hurdles,
namely power ultrasound, irradiation, and electrolyzed water, lead-
ing to a germination percentage of >85%. With the conditions un-
der which the target germination can be achieved, inactivation tests
with E. coli O157:H7 were conducted to ascertain the maximum in-
activation capacity of each hurdle.
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The disinfection hurdles used in this study were either physi-
cal methods (irradiation and ultrasound) or an environmentally
friendly disinfectant (acidic electrolyzed water, AEW) (Park and oth-
ers 2001). Among the 3 hurdles, the power ultrasound has long been
used in many industrial sectors as a good tool for surface clean-
ing applications (Mason and Lorimer 2002). Gamma irradiation has
also been known for years for its good bactericidal ability. The use
of irradiation with doses up to 8 kGy has been approved by the
US Food and Drug Administration to control microbial pathogens
in seed sprouts (US DHHS 2000). AEW has a strong bactericidal
effect against foodborne pathogens due to a combined action of
free chlorine (<80 mg/L), low pH (approximately 2.3 to 2.7), and
high oxidation-reduction potential (ORP) (approximately 1130 to
1160 mV) (Wang and others 2004). With the experimental results re-
ported in this work, the potential and limitation of each hurdle can
be determined. The purpose of this study was therefore to examine
the maximum inactivation capacity of power ultrasound, gamma
irradiation, and AEW on E. coli O157:H7 cells inoculated onto alfalfa
and broccoli seeds with treatment conditions corresponding to a
germination percentage of >85%.

Materials and Methods

Alfalfa and broccoli seeds
Alfalfa and broccoli seeds were obtained from a commercial sup-

plier (Tomahawk Paper Products Corp., Chicago, Ill., U.S.A.) and
were stored at 4 ◦C in a dry environment. The physical characteris-
tics of each seed were determined. For bulk density measurement
(total mass per volume), the mass of seeds with a volume of 100 mL
was determined by putting the seeds in a graduated cylinder, which
was then weighed with 10 replications. Ten seeds were randomly se-
lected and weighed for the estimation of the mass of individual seed
kernels, which was also repeated 10 times. The number of seeds in
1 g was counted with 3 replications.

Preparation of inoculum
Five strains of E. coli O157:H7 were obtained from the Dept. of

Food Science at Purdue Univ. The strains were the following: 13B88,
C7929, and G5303 (apple juice isolate), 204P (pork isolate), and
EDL933 (human isolate). Each strain (4 mL, 2% v/v) from a frozen
stock was grown in 20 mL tryptic soy broth (TSB, Becton Dickinson,
Sparks, Md., U.S.A.) at 37 ◦C for 18 h. Cells of the 5 strains were
collected by centrifugation at 4 ◦C and 7280 × g for 10 min and re-
suspended in 20 mL of sterile 0.l % peptone and 0.85% saline water
with the procedure repeated 3 times. An equal volume (20 mL) of
the 5 isolates was mixed to obtain an inoculum (100 mL) containing
approximately 107 to 108 CFU/mL of E. coli O157:H7.

Inoculation of alfalfa and broccoli seeds
Each seed type (100 g) was added into the inoculum (100 mL) and

gently mixed for 1 min. Seeds were separated over a double-layer
cheesecloth supported by a wire screen and air-dried overnight at
room temperature under a laminar flow hood (Labconco Purifier
PCR Enclosure, Kansas City, Mich., U.S.A.). The pathogen popula-
tion on the seed was determined as described below. Inoculated
seeds with approximately 105 to 106 CFU/g of E. coli O157:H7 were
packed into plastic Ziploc� storage bags (S.C. Johnson & Sons Inc.,
Racine, Wis., U.S.A.) and stored in a refrigerator (4 ◦C) for 7 d before
using in decontamination experiments.

Acidic electrolyzed water treatment
AEW was produced from an AEW generator (ROX-20TA-U,

Hoshizaki Electric Co., Sakae, Toyoake, Aichi, Japan). Deionized wa-

ter and 10% NaCl solution were simultaneously introduced into the
equipment chamber to make a solution with NaCl concentration of
about 0.1% at room temperature. When the unit indicated dispens-
ing electrolyzed water, AEW was collected from the anode outlet
and used within 1 h. The pH and ORP were determined with a pH
and ORP meter (AR15, accumet� Research, Fisher Scientific Co.,
Pittsburgh, Pa., U.S.A.). Total chlorine concentrations were mea-
sured with an EPA approved chlorine test kit (PCT-DR, LaMotte Co.,
Chestertown, Md., U.S.A.). AEW was conditioned in a refrigerator at
4 ◦C and a water bath at 55 ◦C to get AEW for treatments at 4 oC and
55 oC, respectively.

For germination tests, 1 g of alfalfa or broccoli seeds was treated
with 20 mL (1:20 w/v) of AEW (pH 2.57, ORP 1161 mV, and available
chlorine 66 mg/L) with continuous agitation using a magnetic stirrer
(Fisher Scientific Co., Pittsburg, Pa., U.S.A.) at a medium speed. A
sterile deionized water (SW) treatment was used as the control. The
treatments were conducted at 4, 23, and 55 ◦C for 2, 5, 10, 20, 30,
and 60 min to determine the effect of temperature and time on
germination. In order to control temperature at 4 and 55 ◦C during
a treatment, a Lauda constant temperature bath with a circulator
(R-20/2, Brinkmann Instruments Inc., Westbury, N.Y., U.S.A.) was
used. The germination rate was determined after decanting AEW or
SW as described below.

A germination rate of 85% was regarded as acceptable and was
chosen as the criterion for the selection of treatment conditions in
the E. coli inactivation tests. Based on this criterion, 5 g seeds were
treated with 100 mL AEW (1:20 w/v) for 60 min at 23 ◦C or for 10 min
at 55 ◦C.

Ultrasound treatment
Two types of ultrasound equipment, cleaning tank and probe,

were used in this study. The water temperature in an ultrasonic
cleaning tank (40 kHz, 4HT-1014–6, Crest Ultrasonics, Trenton, N.J.,
U.S.A.) was adjusted to 23 or 55 ◦C. The water in the tank was de-
gassed for 40 min before a treatment. For the germination test, 60 mL
of SW was placed in a 250 mL glass beaker that was fixed tightly with
metal strings in the ultrasonic bath. The level of SW in the beaker
was below the level of the water in the bath. Three grams of seeds
were added to the beaker and treated for 1, 2, 5, 10, 20, and 30 min at
each temperature. The microbial inactivation tests were conducted
with 5 g inoculated seeds emerging in 100 mL of SW at 23 ◦C for 30
min sonication or at 55 ◦C for 10 min sonication, which were chosen
according to the results of the germination tests.

An ultrasound probe driven by a Vibra-Cell generator (20 kHz,
VC750, Sonics & Materials Inc., Newtown, Conn., U.S.A.) was im-
mersed in a 100-mL jacketed beaker with 60 mL of SW for the ger-
mination tests or in a 250-mL jacketed beaker with 100 mL of SW
for the E. coli O157:H7 inactivation tests. The probe was placed at
about 3 cm from the bottom of the beaker for all the ultrasound tests.
When the temperature of SW in the beaker reached 23 or 55 ◦C, 3
g of alfalfa or broccoli seeds were added and treated for 0.5, 1, 2, 3,
5, and 10 min. For the microbial tests, 5 g of seeds were treated for
10 min (alfalfa) or 2 min (broccoli) at 23 ◦C, and 5 min (alfalfa) or
2 min (broccoli) at 55 ◦C. A constant temperature bath as described
in the previous section was used to control the temperature of water
during sonication to ± 3 ◦C of the target values.

Gamma irradiation
Gamma irradiation was performed with a Gammacell 220 Excell

Cobalt irradiator (MDS Nordion 447, Ontario, Canada). The irradia-
tor was loaded in October 2002 with 24000 Curie of Cobalt-60. The
irradiation chamber was a cylinder with dimensions of 203 mm (8 in)
height and 152 mm (6 in) in diameter. Precise dose distribution in
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the irradiation chamber was measured with Gafchromic MD-55 (ISP
Technologies, Inc., Wayne, N.J., U.S.A.) and Radiachromic FWT-60
film dosimeters (Far West Technology, Inc., Goleta, Calif., U.S.A.),
which were calibrated at the Natl. Institute of Standards and Tech-
nology, following a standard procedure. The dose range was ±11%
for the dose used in this study. The sample temperature during irra-
diation was monitored and maintained at 23 ◦C by air circulation.

Two grams of alfalfa or broccoli seeds were placed into a petri dish
(50 × 9 mm, Falcon, Becton Dickinson, Franklin Lakes, N.J., U.S.A.)
and sealed with Parafilm (American Natl. Can, Chicago, Ill., U.S.A.).
Three petri dishes per treatment at each dose were prepared. All petri
dishes of seeds were gamma-irradiated at doses of 0 (control), 0.5,
1, 2, 4, 8, and 12 kGy at room temperature. Right after the treatment,
the irradiated samples were tested for seed germination percentage
as described below. Based on the results of germination tests, 8 kGy
was applied for the E. coli O157:H7 inactivation test to treat 5 g of
inoculated seeds.

Evaluation of seed germination
Alfalfa or broccoli seeds treated as described above were eval-

uated for their ability to germinate. Approximately 100 seeds sub-
jected to each treatment were placed on 2 pieces of SW saturated
filter paper (90 mm dia, Whatman #1) in sterile petri dishes (100 ×
15 mm, Fisher Scientific, Hanover, Ill., U.S.A.). The petri dishes were
sealed with parafilm to keep the filter paper moist. Seeds were ger-
minated in the dark at 24 ◦C for 3 d. Three dishes per treatment were
prepared. The number of germinated seeds, which were chosen with
the radical becoming visibly protruded from the seed coat by at least
2 mm, was counted and the percentage calculated.

Microbiological test
After each treatment, solutions were immediately decanted from

treated seeds (5 g). Seeds were transferred to a Stomacher Bag (Whirl-
Pak�, Nasco, Fort Atkinson, Wis., U.S.A.) and pummeled with 45-
mL sterile 0.1% peptone and 0.85% saline water (PSW) in a stom-
acher (Lab-Blender 400, Cooke Laboratory Products, Alexandria,
Va., U.S.A.) for 1 min. The mixture was serially diluted with ster-
ile PSW and the diluted samples were surface plated (0.1 mL, in 3
replicates) on sorbitol MacConkey agar (Difco, Sparks, Md., U.S.A.)
containing cefixime (0.05 mg/L) and potassium tellurite (2.5 mg/L)
(Oxoid Ltd., Hampshire, UK). Plates were counted as a unit of CFU/g
after incubation at 37 ◦C for 24 h.

Statistical analysis
All experiments were replicated 3 times except those specifically

mentioned. The results were analyzed using the Statistical Analysis
System (SAS Institute, Raleigh, N.C., U.S.A.) for one-way analysis of
variance (ANOVA) to determine differences in germination percent-
age and population of E. coli O157:H7 on alfalfa or broccoli seeds
subjected to each treatment. When there was a significant difference
among treatments at α = 0.05, the Fisher’s least significant differ-
ences (LSD) test was performed to distinguish the differences.

Results and Discussion

Physical properties
Table 1 shows the physical parameters of alfalfa and broccoli

seeds. The alfalfa seeds were typically oval-shaped, whereas the
broccoli seeds were more round-shaped. Alfalfa seed kernels were
smaller than broccoli seeds as the number of alfalfa seeds per gram
was 513 (CV = 1.3%), and that of broccoli seeds amounted to 333
(CV = 4.4 %). The alfalfa seeds had a bulk density of 814.4 kg/m3, as
measured with the graduated cylinder method, while the broccoli

Table 1 --- Physical characteristics of alfalfa and broccoli
seeds

Bulk density Weight/ Number of
Seed (kg/m3) seed (mg) seed in 1 g

Alfalfa 813.4 (CVa = 0.79%) 1.9 (CV = 6.7%) 513 (CV = 1.3%)
Broccoli 685.2 (CV = 1.2%) 3.1 (CV = 4.4%) 333 (CV = 4.4%)

aCV (%) = coefficient of variation.

seeds were lighter, having a bulk density of 685.2 kg/m3. The ini-
tial population of E. coli O157:H7 cells inoculated onto alfalfa and
broccoli seeds were 5.03 and 5.21 log CFU/g, respectively.

Germination percentage
The germination percentages of alfalfa and broccoli seeds treated

with SW, AEW, and power ultrasound (ultrasound probe [USP] or
ultrasound cleaning tank [UST]) are presented in Tables 2 and 3.
Generally, increasing treatment time resulted in a decrease in germi-
nation percentages except for the water treatments when the water
temperatures were at or below 23 oC. For both alfalfa and broccoli
seeds, SW and AEW treatments at 4 and 23 ◦C did not alter their
germination ability. At 55 oC, however, a significant decrease in ger-
mination rate was observed when treating the seeds for over 10 min.
Beuchat and Scouten (2002) reported that heating alfalfa seeds at
55◦C for 10 min yielded germination percentage of 74.0% in water
and 56.8% to 84.0% in 3 sanitizers [Ca(OH)2, Tweeen, Tsunami] and
their combinations. The higher germination rate of alfalfa seeds in
this study compared to that of Beuchat and Scouten (2002) may be
caused by differences in cultivar of the seeds, among other factors.
The alfalfa seeds seemed to be more sensitive to heat than the broc-
coli seeds, as can be seen by a lower germination percentage when
the seeds were treated at 55 oC for over 10 min for SW and SEW
treatments. The smaller kernel sizes of the alfalfa seeds may have
resulted in a good heat penetration into the kernel and hence caused
more heat damage in the seeds. Beuchat and Scouten (2002) noticed
that the combined effect of chemicals with heat to kill pathogens
also resulted in loss of alfalfa seed viability. In this study (Table 2),
however, the germination rate of alfalfa seeds after treatment with
AEW + 55 oC for 20 and 30 min was slightly higher compared to the
SW treatment at the same temperature. There is no published data
in the literature on the germination of broccoli seeds treated with
sanitizers.

Alfalfa seeds were more resistant to ultrasound treatments, as
shown by the higher germination percentage compared to that of
broccoli seeds when treated for over 2 min for USP and over 5 min for
UST (atα=0.05). The only exception was treatment with UST at 23 ◦C
where no significant differences for the seeds treated at different
sonication times were found. The mode of action for sonication
has been attributed to a phenomenon called acoustic cavitation,
which is the formation, growth, and implosion of tiny gas bubbles
in a liquid subjected to an ultrasound treatment. The implosion of
a gas bubble near a solid-liquid interface can generate a liquid jet,
which is a high speed in-flow of liquid with a maximum speed of
up to 156 m/s (Leighton 1994). The liquid jet would impinge seed
surfaces and cause damage. The smaller kernel sizes of alfalfa seeds
would allow the seeds to receive less bombardment from the liquid
jets, and hence result in less seed damage.

Seed germination for samples treated with UST and USP were
different. Theoretically, since USP treatment has an acoustic en-
ergy density (AED) of 46 W/mL, much higher than the ultra-
sound bath (1.8 W/mL), more cavitation activity and hence more
seed damage should be expected for USP treated seeds. This
was true for broccoli seeds as shown by lower germination rates
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Table 2 --- Germination percentagesa of alfalfa seedsb after treatment with sterile water, acidic electrolyzed water,
and ultrasound

Treatmentc

SW AEW UST USP

Time (min) 4 ◦C 23 ◦C 55 ◦C 4 ◦C 23 ◦C 55 ◦C 23 ◦C 55 ◦C 23 ◦C 55 ◦C

0.5 94.6ab 93.9a
1 89.0a 90.7a 97.1a 94.2a
2 87.3a 89.2a 90.2a 88.2a 90.4a 91.0a 88.7a 93.2a 96.0a 97.2a
3 96.5a 96.3a
5 88.2a 89.2a 90.8a 86.3a 87.0b 90.4a 88.8a 91.2a 94.3ab 97.0a

10 86.3a 90.1a 89.6a 86.9a 87.8ab 89.6a 90.2a 80.7b 92.5b 87.6b
20 88.3a 88.3a 57.9b 86.9a 88.4ab 67.2b 87.3a 15.3c
30 87.6a 87.9a 20.1c 87.7a 88.3ab 28.0c 89.9a 10.8d
60 85.9a 89.8a 7.8d 85.0a 87.8ab 6.9d

aWithin treatment and temperature, values followed by different letters are significantly different (P < 0.05).
bControl = 85.4 %.
cSW = sterile deionized water; AEW = acidic electrolyzed water (pH 2.57, ORP 1161 mV, chlorine 66 mg/L); UST = ultrasound tank type (frequency = 40 kHz,
power = 1.8 W/mL); USP: ultrasound probe type (frequency = 20 kHz, power = 46 W/mL); IR = gamma irradiation.

Table 3 --- Germination percentagesa of broccoli seedsb treated with sterile water, acidic electrolyzed water, and
ultrasound

Treatmentc

SW AEW UST USP

Time (min) 4 ◦C 23 ◦C 55 ◦C 4 ◦C 23 ◦C 55 ◦C 23 ◦C 55 ◦C 23 ◦C 55 ◦C

0.5 98.7a 97.4a
1 98.6a 98.3a 96.7a 95.9a
2 98.8a 98.6a 98.6a 98.2a 98.8a 97.9a 98.2a 97.4a 83.7b 85.2b
3 58.2c 75.1c
5 97.7ab 98.6a 98.0a 98.2a 98.8b 96.9a 98.4a 91.3b 23.7d 38.2d

10 97.4ab 98.6a 94.7a 97.9a 98.2a 93.7a 98.3a 39.0c 1.6e 7.4e
20 96.8b 98.9a 81.6b 97.8a 99.1a 75.4b 99.1a 4.2d
30 97.8ab 98.4a 49.8c 97.6a 98.2a 41.2c 98.2a 0.8e
60 96.7b 98.8a 7.8d 97.2a 98.8a 5.6d

aWithin treatment and temperature, values followed by different letters are significantly different (P < 0.05).
bControl = 99.3%.
cSee Table 2.

of USP-treated samples. For alfalfa seeds, however, a higher germi-
nation for USP-treated seeds was recorded. The abnormality might
be caused by the inability of USP treatment to bring the smaller but
heavier alfalfa seeds into the reaction zone underneath the tip of
the ultrasound probe. The AED in an ultrasound probe system is
not uniform. The energy is localized within the small reaction zone
at the tip of the probe (Mason and Lorimer 2002). Alfalfa and broc-
coli seeds had a density of less than unity; both seeds floated at the
surface of the treatment chamber in the beginning of the treatment.
During USP treatment, the seeds started to sink to the bottom. The
emission of acoustic energy at the tip of the probe generates a cur-
rent that can bring the seeds up into the liquid so that the seed
kernels can be exposed to cavitation activity. The larger but lighter
broccoli seeds may have less difficulties to be carried by the current
into the liquid and in contact with the liquid jets so as to generate
more damage and hence less germination.

Irradiation doses from 0.5 to 12 kGy were used to determine the
effects of irradiation on germination percentage of alfalfa and broc-
coli seeds (Table 4). A decrease in germination by the IR treatment
was not observed until the dose was greater than 4 and 8 kGy for
alfalfa and broccoli seeds, respectively. The alfalfa seeds exhibited
higher resistance to irradiation than the broccoli seeds, an obser-
vation consistent with that of Rajkowski and others (2003). Germi-
nation percentages of both seeds were severely affected by gamma
irradiation at 12 kGy. Irradiation dose of up to 8 kGy has been ap-
proved by the U.S. Food and Drug Administration for inactivation of
bacterial pathogens on seeds used for sprouting (US DHHS 2000).
In the present study, we found that the germination percentages for

alfalfa and broccoli seeds were significantly lowered when the doses
were greater than 8 kGy. Also, a decrease in the length and thick-
ness of radicals was observed at 8 kGy, an indication of the adverse
effect of irradiation on the seeds. Earlier studies have shown yields
of sprouts were reduced by irradiation at doses above 2 or 3 kGy
(Rajkowski and others 2003; Fan and others 2004).

Population of E. coli O157:H7
The reduction in E. coli O157:H7 population in alfalfa seeds af-

ter treating with SW, AEW, UST, USP, and IR is presented in Table 5.
Heat treatment alone at 55 oC reduced E. coli O157:H7 count by
nearly 1.7 log CFU/g for the SW treatment. Log reduction in E. coli
O157:H7 count was nearly doubled when alfalfa seeds were treated
with AEW at 55 oC for 10 min compared to SW treatment at the same
temperature and time, which is comparable to the 3.55 log reduc-
tion reported by Bari and others (2003b) for an AEW treatment in

Table 4 --- Germination percentagesa of alfalfa and broc-
coli seeds treated with gamma irradiation

Dose (kGy) Alfalfa seeds Broccoli seeds

0 85.4a 99.3a
0.5 85.6a 98.5a
1 88.2a 98.1a
2 88.3a 98.9a
4 86.6a 98.5a
8 86.5a 92.5b

12 58.9b 19.8c

aValues followed by different letters are significantly different (P < 0.05).
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combination with dry heat at 50 oC. In ultrasound treatments of al-
falfa seeds, UST was less effective compared to USP at 23 oC but at
55 oC, the USP treatment only reduced E. coli O157:H7 population
by 1.92 log CFU/g. Since the probe was placed 3 cm from the bottom
of the treatment chamber, a strong vertical circulation of the liquid
was observed during the USP treatment. The circulation entrained
air into the liquid, especially at elevated temperature of 55 oC, which
created additional interfaces in the liquid, impeded the propagation
of ultrasound, and hence minimized cavitation activity in the treat-
ment chamber. In addition, at 55 oC, an increase in vapor pressure
would result in vapor-filled bubbles. The implosion of these bubbles
was less powerful due to the cushioning effect of the vapor inside
the bubbles (Manson and Lorimer 2002). E. coli O157:H7 was not re-
covered from alfalfa seeds after IR treatment at dose of 8 kGy, which
was the only treatment that delivered an over 5-log reduction in this
study. Thayer and others (2003) reported a 3.3-log inactivation of E.
coli O157:H7 on alfalfa seeds by 2 kGy IR. Bari and others (2003a) also
achieved over 5-log reduction in E. coli O157:H7 on alfalfa seeds af-
ter a dry heat treatment (50 ◦C for 1 h) and irradiation at doses was >

2 kGy.
E. coli O157:H7 cells recovered from broccoli seeds after treat-

ments had similar but slightly lower population reductions com-
pared to that of the alfalfa seeds (Table 6). AEW treatment at 55
oC lowered E. coli survival count by 3.27 log CFU/g, higher than
the 2 ultrasonic treatments. IR again was the most effective among
all treatments, with a reduction of E. coli O157:H7 population of
4.85 log CFU/g.

Table 5 --- The effect of sterile water, acidic electrolyzed
water, ultrasound, and irradiation under the targeted ger-
mination percentage on reduction of E. coli O157:H7a pop-
ulation on alfalfa seeds

Populationc Reduction
Treatmentsb (log CFU/g) (log CFU/g)

No 5.03a NA
SW 23 ◦C for 60 min 4.99a 0.04

55 ◦C for 10 min 3.32b 1.71
AEW 23 ◦C for 60 min 4.43a 0.60

55 ◦C for 10 min 1.67c 3.36
UST 23 ◦C for 30 min 4.68a 0.35

55 ◦C for 5 min 2.09c 2.94
USP 23 ◦C for 10 min 3.48b 1.55

55 ◦C for 5 min 3.11b 1.92
IR 8 kGy 0.00d 5.03

aThe population of inocula suspension was 7.49 log10 CFU/mL.
bSee Table 2.
cValues followed by different letters are significantly different (P < 0.05).

Table 6 --- The effect of sterile water, acidic electrolyzed
water, ultrasound, and irradiation under the targeted ger-
mination percentage on reduction of E. coli O157:H7a pop-
ulation on broccoli seeds

Populationc Reduction
Treatmentsb (log CFU/g) (log CFU/g)

No treatment 5.21a ---
SW 23 ◦C for 60 min 5.01a 0.20

55 ◦C for 10 min 3.67cd 1.54
AEW 23 ◦C for 60 min 4.25b 0.96

55 ◦C for 10 min 1.94e 3.27
UST 23 ◦C for 30 min 5.08a 1.08

55 ◦C for 5 min 3.26d 1.44
USP 23 ◦C for 2 min 4.13bc 1.13

55 ◦C for 2 min 3.77bc 1.95
IR 8 kGy 0.36f 4.85

aThe population of inoculum suspension was 7.56 log10 CFU/mL.
bSee Table 2.
cValues followed by different letters are significantly different (P < 0.05).

Since the inactivation tests were conducted with treatment con-
ditions for a minimal germination of 85%, the log reductions in Ta-
ble 5 and 6 indicate the maximum microbial inactivation capac-
ity of each treatment with acceptable seed viability. It can be seen
that, with the 85% germination as a criterion, AEW and ultrasound
alone, as well as the combination of AEW and ultrasound with heat at
55 oC, cannot provide an effective inactivation of E. coli O157:H7 cells
inoculated on alfalfa and broccoli seeds. Multiple hurdles must be
applied to achieve an over 5-log reduction or a complete elimination
of E. coli cells.

Conclusions

With the treatment conditions selected for each hurdle to main-
tain a targeted germination percentage, which was 85% in

this study, AEW and 2 ultrasound treatments (UST and USP) failed
to produce an E. coli O157:H7 population reduction high enough
to secure microbial safety. IR at dose of 8 kGy achieved a complete
elimination of E. coli O157:H7 cells from alfalfa seeds but was ac-
companied by degradation in the yield of the sprouts. In order to
eliminate E. coli O157:H7 from the 2 seeds used in this study, a com-
bination of several hurdles must be used with treatment conditions
determined again by germination tests.
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